The formation and properties of laser-induced periodic surface structures (LIPSS) were investigated on carbon fibers under irradiation of fs-laser pulses characterized by a pulse duration  = 300 fs and a laser wavelength  = 1025 nm. The LIPSS were fabricated in an air environment at normal incidence with different values of the laser peak fluence and number of pulses per spot. The morphology of the generated structures was characterized by using scanning electron microscopy, atomic force microscopy and Fast-Fourier transform analyses.
Introduction
Carbon fibers are commercially used to reinforce polymers (carbon fiber reinforced polymers, CFRP) and concrete (engineered cementitious composites, ECC) [1] [2] [3] [4] . The outstanding mechanical properties of single carbon fibers are a result of the specific structure consisting of graphitic and turbostratic carbon with a crystal structure very similar to graphite [5, 6] .
Consequently, the strong covalent bonds between the carbon atoms of the graphene layers result in a high tensile strength in fiber direction. This anisotropic behavior also manifests in other fiber properties like crystallinity or electrical conductivity [1] . Regarding CFRP, the interface between carbon fibers and surrounding polymer matrix is in the focus of research activities aiming to increase fiber-matrix bonding strength and thereby to enhance the mechanical properties of the composite material. For this purpose, carbon fiber surfaces were modified by plasma oxidation, chemical and electrolytic etching as well as chemical vapor deposition [7] [8] [9] [10] . It was shown that the bonding strength is improved by increasing the surface roughness and the resulting interface area between fiber and polymer matrix [11] [12] [13] [14] [15] .
Concerning the engineering of surfaces with tailored functional properties, ultra-short pulsed laser processing gained rapidly increasing attention in the past decades. In this context, the fabrication of laser-induced periodic surfaces structures (LIPSS) in a single-step, direct-writing 3 process emerged as a flexible and versatile technique [16] . LIPSS have been demonstrated as a universal phenomenon on almost all types of materials [17] providing outstanding properties of the laser-structured surface such as wettability, optical performance, bioactivity, and tribology [18, 19] . In particular, mimicking structures and functional principles provided by nature is an intensively studied field of current scientific research [20] . As a main advantage, the large variety of influencing parameters including laser wavelength , number of pulses N, pulse duration , laser peak fluence F, angle of incidence , and beam polarization, allows to control the specific properties of LIPSS such as their alignment and spatial period. Regarding the spatial period Λ, LIPSS are classified into low-spatial frequency LIPSS (LSFL) and high-spatial frequency LIPSS (HSFL). LSFL are characterized by a period Λ close to the initial laser wavelength λ for strong absorbing materials (metals, semiconductors) and close to λ/n for dielectrics, where n refers to the refractive index of the dielectric material [19, 21] . It is wellaccepted, that the formation of LIPSS can be explained by spatial modulated intensity pattern resulting from interference of the incident laser radiation with surface electromagnetic waves that are generated by scattering at the rough surface [22] . This might include the excitation of surface plasmon polaritons (SPP) [22] [23] [24] . An alternative approach to explain LIPSS formation is given by a self-organization of the irradiated material via laser-induced thermal instabilities resulting in material redistribution [25] . HSFL with spatial periods much smaller than λ are still controversially discussed in literature, and a deep understanding of the formation mechanism is still missing. Possible explanations include self-organization [26] , chemical surface alterations [27] and second harmonic generation [28] .
While the LIPSS formation on graphite was studied by several groups in dependence on different influencing parameters (beam polarization, laser peak fluence) on the flat surface of bulk materials [28] [29] [30] [31] [32] , the formation of LIPSS on the surface of carbon fibers is less investigated [11, 33] . By performing single-spot experiments on strongly curved fiber surfaces, Sajzew et al. [33] demonstrated the formation of LSFL and HSFL within the Gaussian intensity 4 distribution of the focal spot (diameter 50 µm) upon the irradiation of N = 50 linearly polarized fs-laser pulses with a peak fluence F = 4 J/cm 2 . The study revealed, however, that the large number of laser pulses in combination with the utilized peak fluence lead to a remarkable ablation in the intense center of the focal spot and therefore to a damage of the fibers accompanied by a deterioration of their mechanical properties.
Based on the experimental findings of Sajzew at al., the objective of the present study is the homogenous manufacturing of HSFL and LSFL, respectively, on large areas of carbon fiber arrangements without damage by unidirectional scanning the focused laser beam over the sample surface. For this purpose, the nanostructure formation process was studied in dependence of the fs-laser peak fluence. The surface morphologies of the prepared samples were subsequently characterized by scanning electron microscopy (SEM) and atomic force microscopy (AFM). The material structure and the surface chemistry of the carbon fibers was studied before and after laser irradiation by micro Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). Tensile strength measurements of single carbon fibers were performed in order to evaluate the impact of the fs-laser irradiation on the mechanical properties.
Materials and Methods

LIPSS formation on carbon fibers
The experimental setup is illustrated in Fig. 1 . In order to fabricate large areas (5 x 5 cm 2 ) of LIPSS on carbon fiber surfaces, a diode pumped Yb:KYW thin disc fs-laser system (JenLas D2.fs, Jenoptik, Germany) with a central laser wavelength λ = 1025 nm and a pulse duration τ = 300 fs was used. The emitted linearly polarized laser pulses are characterized by a repetition frequency frep = 100 kHz and pulse energies Eimp up to 40 µJ. The laser beam was scanned with a galvanometer scanner (IntelliScan14, Scanlab, Germany) over the fiber surfaces. The scanner system is equipped with a 100 mm f-Theta objective (JENar, Jenoptik, Germany) that provides a spot diameter of the Gaussian beam 2wf = (24  0.5) µm. In all experiments, the direction of 5 laser scanning was perpendicular to the fiber axis and the direction of the beam polarization was parallel to the fiber axis (see also sketches in Figs. 2 and 3 ). For the structuring process, commercially available carbon fibers (Granoc XN-80-60s 6k 890 tex, Nippon Graphite Fiber Corporation, Japan) with a diameter of about 10 µm that have been prepared from a mesoporous pitch precursor were clamped into a fiber holder and placed under the scanner system (Fig. 1 ).
This type of fixation is required to ensure a constant focal position of the flexible fibers and to prevent the deposition of vaporized components of an underlying substrate material. Moreover, it allows structuring almost the entire fiber surface in a two-step process based on the turning of the holder by 180°. 
Characterization
The surface morphologies of the laser-processed samples were characterized by SEM (Sigma VP, Carl-Zeiss, Germany) at an accelerating voltage of 5 kV using the secondary electron detector. Height profiles of the laser-induced structures were measured by AFM (NanoWizard 4, JPK Instruments, Germany) working in the QI TM contact mode with a cantilever spring constant 0.14 N/m and a nominal tip radius of 2 nm. The LIPSS spatial periods 6 were determined by Fast Fourier transform (FFT) of the SEM micrographs and confirmed by the AFM height profiles. In this context, the error bars indicate the width of distribution of the corresponding FFT operation. Optical images were taken with a digital camera in order to record the optical response (structural colors) of the fibers after laser processing.
Measurements of the tensile strength of single carbon fibers were performed using an universal testing machine (1445, Zwick Roell, Germany) with a 20 N load cell, a gauge length of 30 mm, a crosshead speed of 0.5 mm/min and a preload of 0.01 N. Single carbon fibers were fixed on a paper frame as described in ASTM Standard D3379-75 using epoxy resin adhesive.
The fiber material structure before and after fs-laser irradiation was analyzed using micro
Raman spectroscopy (Senterra, Bruker, USA) operated in the backscattering mode. For this purpose, measurements at  = 532 nm were obtained with a radiation power of 2 mW, a 50x
objective and a thermoelectrically cooled CCD detector. The spectral solution of the system is 2-3 cm -1 . Before the measurement, the Raman peak of single-crystalline silicon at 520.7 cm -1 was used for peak shift calibration of the instrument.
The surface chemistry was investigated by XPS (Multiprobe UHV system, Scienta Omicorn, Germany) using a monochromatic X-ray source (Al K) and an electron analyzer (Argus) with an energy resolution of 0.6 eV. Figure 2 shows SEM micrographs of the carbon fiber surfaces before laser structuring (Fig. 2a) and after unidirectional scanning of the fs-laser beam over the fiber surface using a fs-laser peak fluence of F = 0.4 J/cm 2 ( Fig. 2b) , F = 0.5 J/cm 2 ( Fig. 2c) , F = 0.7 J/cm 2 ( Fig. 2d) and Consequently, the depth-to-period-aspect-ratio is slightly larger than 1, hence the HSFL can be referred to deep-subwavelength ripples (HSFL-I) [19] . The increase of the laser peak fluence to F = 0.9 J/cm 2 ( Fig. 2e) leads to a further increase of the spatial period, which was found to be Λ ≈ (261  157) nm (≈ 0.255λ). However, the larger value of F in combination with the large pulse number leads to a stronger ablation at the materials surface and therefore to a reduced fiber cross section at the area of normal incidence, which is undesirable due to deteriorated mechanical properties of the fibers. The determined increase of  with increasing F typical for HSFL was already observed on carbon fibers [33] and other materials [35] . Based on the findings concerning the formation of HSFL in dependence on F, we used F = 0.7 J/cm 2 ( Fig. 2d) for fabrication of large areas with homogenously distributed HSFL. The corresponding SEM micrograph (Fig. 2d1) proves that the exact positioning of the fibers by means of the fiber holder and the well-defined adjustment of the processing parameters allow to fabricate large-area HSFL. The uniformity of the structures is also confirmed by the optical photograph of the fiber arrangement with a size of about (5 x 1) cm 2 ( Fig. 2d3 ) that demonstrates the optical response of the HSFL covering regions outside the letters of the "OSIM" logo. The photograph reveals that the areas containing HSFL appear darker than the non-structured areas under illumination with white light. This can be explained based on the results reported by
Results and Discussion
Formation of HSFL
Calvani et al. concerning the optical properties of HSFL on fs-laser treated diamond [36] . Total transmission and reflection measurements using an integrating sphere demonstrated that HSFL with  = (170  10) nm enhance light trapping so that absorbance strongly increases to a maximum of about 80% in a wide spectral range, in particular in the visible and IR spectral ranges. In these investigations, the increased absorbance was shown to be mainly correlated to a decreased reflectance of the materials surface [36] . Moreover, contributions by scattering effects at the sub-wavelength structures cannot be excluded here. Figure 3 shows a comparison of SEM micrographs obtained from a non-irradiated fiber surface ( Fig. 3a) and from fiber surfaces structured with different values of F between 1.6 J/cm 2 and 4.8 J/cm 2 ( Fig. 3b-e) . According to Sajzew et al. [33] , the effective number of linearly polarized laser pulses per focal spot area was reduced to N = 12 in order to fabricate solely LSFL without mechanical damage of the fibers by excessive ablation. For this purpose, the scanning velocity was set to v = 0.63 m/s and the hatch distance to x = 6 µm. The SEM micrograph obtained from the carbon fiber surface upon the irradiation with the lowest value F = 1.6 J/cm 2 shows the first appearance of LSFL (Fig. 3b) , which exhibit a relatively weak surface modulation with It becomes evident from the SEM micrographs that with increasing F the LSFL become increasingly pronounced, whereby the spatial period Λ remains almost unaffected by the laser peak fluence at Λ = (902  92) nm for F = 2.6 J/cm 2 ( Fig. 3c) , Λ = (942  77) nm for F = 3.5 J/cm 2 ( Fig. 3d) , and Λ = (942  87) nm for F = 4.8 J/cm 2 ( Fig. 3e) . facilitates to control their respective optical properties and in particular their color [37] . In the present study, they were used to illustrate the capability large area structuring in the cm 2 range as well as the homogeneity of the grating structures.
Formation of LSFL
Laser-induced hybrid structures
By combining the above results in a two-step structuring process, a combination of both types of LIPSS could be achieved. These hybrid structures were realized by the generation of wellpronounced LSFL (F = 4.8 J/cm 2 , N = 12) in a first step and the subsequent superposition of HSFL (F = 0.7 J/cm 2 , N = 89) in a second step. Figure 4 shows SEM micrographs (Fig. 4a ) and AFM micrographs (Fig. 4b,c) of these structures.
It becomes evident that both, HSFL and LSFL, can be observed in the final surface morphology leading to a hybrid structure consisting of micro-and nano-sized surface structures. Note that literature concerning such a superposition of both LIPSS types is limited to metals [42] [43] [44] . Contrary to the hybrid structures illustrated in Fig. 4 , however, the corresponding investigations revealed that LSFL and HSFL are aligned perpendicular to each other and that the HSFL can only be observed in the valleys of the grating-like surface structures. These novel hybrid structures built up by a superposition of HSFL and LSFL might be of potential interest for various applications in the fields of optics, wettability and biomaterials [18, 45, 46] .
Characterization of the carbon fibers
Mechanical Properties
Tensile strength measurements were performed with single carbon fibers at a fixed gauge length of 30 mm before and after fs-laser irradiation with the highest laser peak fluence F = 4.8 J/cm 2 and a pulse number of N = 12. The resulting structures correspond to LSFL illustrated in Fig. 3e .
Forty reference and irradiated samples, respectively, were tested in order to evaluate the impact of fs-laser structuring. The measurements revealed an average tensile strength of 13 f = (2.5  0.7) GPa for the non-structured fibers and of f = (2.5  0.4) GPa for the fibers structured with LSFL. Consequently, a negative impact of the fs-laser irradiation on the mechanical properties of carbon fibers can be excluded. This is reasonable, as the depth of the LSFL of about 150 nm (Fig. 3e2) is negligibly small when compared to the initial fiber diameter of 10 µm, i.e. in the valleys of the LSFL pattern the fiber diameter is only reduced by 3% and the effective cross-sectional area by 5.9%, respectively. It has to be noted that the values measured for the single carbon fibers are below the tensile strength of f = 3.4 GPa specified by the manufacturer. Huang and Young [47] demonstrated for different types of fibers that f strongly depends on the gauge length, i.e. f increases with decreasing gauge length towards the intrinsic strength of the fibers. This behavior can be explained by the presence of defects and flaws [47] , whose amount depends on the gauge length as well.
Fiber structure and surface chemistry
The material structure of the carbon fibers before and after laser irradiation was studied by micro Raman spectroscopy (Fig. 5) . The spectrum of the non-irradiated sample represents a typical high modulus pitch-based carbon fiber [47] . It is characterized by the characteristic G peak at  1585 cm -1 resulting from the in-plane stretching mode of the graphite planes and the D peak at  1355 cm -1 indicating disorder and/or defects in the graphene structure [48, 49] .
Other peaks visible are those related to defect activated bands in sp2 carbon materials (D' at  1622 cm -1 ) and to turbostratic orientation of the graphene layers (2D at  2700 cm -1 ) [48] [49] [50] .
Moreover, a small peak termed as D+D" arises at  2450 cm -1 [49] . The degree of disorder can be quantified by the ratio ID/IG of the D and G peak intensities. For the non-irradiated fibers, ID/IG was calculated to be 0.27, which indicates that the investigated carbon fibers exhibit a moderate defect density in the graphite layers. After the fabrication of HSFL with F = 0.7 J/cm 2 and N = 89 (Fig. 2d) , the respective peaks broaden and ID/IG increases to about 0.57 due to an 14 increased D band intensity. Furthermore, the 2D peak intensity decreases and the D and G peak widths increase upon fs-laser irradiation. This behavior indicates an increased structural disorder in the graphite crystalline structure induced by the fs-laser irradiation [49, 51] . Similar For an analysis of the chemical composition of the carbon fibers before and after fs-laser irradiation, XPS was performed (Fig. 6) . The C1s signal of the non-irradiated fiber consists of a main peak at a binding energy (BE) of 285.0 eV (C-C sp3, black) accompanied by a shoulder at 284.3 eV (C-C sp2, red). In contrast to the results obtained by Raman spectroscopy, where the sharp G and 2D bands indicate the prevailing presence of sp2 type of carbon, the intensity of the peaks assigned to sp3 type of carbon dominates the C1s signal in the XPS spectrum 15 (Tab. 1). This difference is due to different sampling depths of XPS and Raman spectroscopy.
While Raman spectroscopy has a sampling depth of ~ 1 µm, XPS is a very surface sensitive technique. With an inelastic mean free path for C1s electrons in our experiment of  = 32 Å, the sampling depth corresponds to 3 = 10 nm [52] . As the non-irradiated fiber is typically coated with a sizing agent of a ~ 100 nm thick epoxy polymer [53, 54] , only this mostly sp3 type of carbon containing layer is probed. The carbon species at a BE of 286.6 eV (blue), which can be mainly attributed to C-O groups is also in agreement with typical XP spectra of sized fibers [55] . The measured O1s signal (Fig. 6b) confirms the results as a pronounced peak at a BE of 533.3 eV (C-O, red) is found with a shoulder attributing to a small amount of C=O double bonds within the sizing agent (531.8 eV green). Intensities of the O1s and N1s spectra were multiplied by 2 and 20, respectively.
After fs-laser irradiation, the characteristics of the spectra change. The C1s peak, both of HSFL and LSFL shifts towards lower binding energies (284.2 eV, red) indicating the presence of mainly sp2 type of carbon as expected for the irradiated fiber after removal of the sizing agent by the laser beam. The measured amount of sp3 type of carbon is reduced in agreement with the introduced disorder in the sample found by the rise of a D-peak in the Raman spectra (Fig. 5) .
Therefore, this carbon species has a different origin than in the non-irradiated fibers and is marked in a different color (Fig. 6a, light blue) . Due to the fs-laser irradiation a new carbon species marked by the dashed vertical line arises in the spectra at a binding energy of ~ 288 eV and can be attributed to C=O bonds. As the surface structuring was performed at ambient conditions, the increased amount of this species is related to the higher laser fluences. The creation of additional C=O bonds is supported by the broadening of the FWHM of the O1s peak from 1.5 eV for the non-irradiated fiber towards 1.8-2 eV after irradiation (Fig. 6b) . Due to the high laser fluences most likely a laser-induced plasma is formed in the interaction zone leading not only to the formation of additional carbon-oxygen bonds but also to the incorporation of nitrogen from the air to the fiber. This assumption is supported by the N1s spectra measured before and after fs-laser irradiation, where a peak at a BE of 399.8 eV emerges (Fig. 6c) to 400 nm and 810 to 1029 nm can be observed for HSFL and LSFL, respectively. Theoretical analysis of LIPSS formation was performed using the widely accepted theory of Sipe et al. [22] , which is based on the interference of the incident laser beam with surface electromagnetic waves that are generated by scattering at the rough surface. This theory predicts possible LIPSS wave vectors k of the surface (with |k| = 2/), i.e. it allows to calculate the spatial periods and the orientation of LIPSS using the optical properties of the material as input data. The predicted wave vectors depend on the laser parameters including the angle of incidence , the polarization direction, and the wave vector kL = 2/ of the incident laser radiation (which has a component ki in the surface plane), as well as on the sample properties such as the bulk dielectric constant * and the surface roughness parameters. The theory provides the so-called "efficacy factor"  that determines the efficacy of a surface to absorb energy at the wave vector k. The scalar function  can exhibit sharp peaks at certain k values, which determine the spatial periods of LIPSS. For the analytical calculation of  as a function of the normalized LIPSS wave vector components x and y (|| = /), we used the simplified set of equations derived from the original Sipe theory by Bonse et al. [56] . It has to be noted that the calculation of refers to flat substrate materials. Due to the observed graphitic structure of the non-irradiated carbon fibers (Fig. 5 ) and the relatively small absorption length ( 12 nm at the utilized laser wavelength) [57] , we used the complex refractive index of bulk graphite for the calculations. Generally, the optical properties of non-excited graphite are determined by the complex refractive index n * = n + ik = 3.11 + i1.94) [58] , where n is the refractive index and k is the extinction coefficient. Graphite exhibits a semi-conductor like behavior because of the predominating interband transitions [32] . Consequently, the transient change of the optical properties due to the excitation of quasi-free electrons can be described by a Drude model [59] , which provides the dielectric function of the laser-excited material  * = n *2 by adding the additional Drude term D to the dielectric function  = r + ii of the non-excited material:
Here, e represents the electron charge, Ne is the laser-induced electron density in the conduction band of the solid, me is the electron mass, 0 is the vacuum dielectric permittivity and  the laser angular frequency. For fs-laser-excited graphite, an optical effective mass of the carriers mopt = 0.024 and a Drude damping time D = 0.8 fs have been chosen according to the work of Golosov and co-workers [32] . Figure 8 explained by the fact that the theory of Sipe refers to a single-pulse interaction process. In this context, it was shown for other semiconductors and metals that  decreases with increasing pulse number N [17, 19] . Moreover, inter-pulse effects such as grating-assisted coupling are not considered in the Sipe theory although they strongly influence the formation process [24] .
Under consideration of the transient optical properties, however, Fig. 9b-d illustrates that the increase of Ne leads to a modification of the sickle-like shaped features, which also corresponds to the cross-sections of the -maps along the positive y-direction at x = 0 (Fig. 9e) The shift of the LSFL features is in line with the slight increase of the spatial periods with increasing laser peak fluence F (Fig. 7) . With increasing F, more electrons are excited into the conduction band, which results in an increase of Ne and consequently of . At an electron density of Ne  510 20 cm -3 , the LSFL feature exhibits a very sharp sickle-shaped contour indicating the excitation of SPP. The SPP activity of the laser-excited material at that carrier density is supported by the value of the dielectric function which accounts to * = -7.5 + i21.17.
The latter fulfils the condition Re[*] < -1 usually associated with the excitation of SPP [60, 61] . At carrier densities exceeding 110 21 cm -3 , the LSFL features vanish in the -map. This behavior is similar to the case of fs-laser excited silicon [23] and is consistent with the general observation that an upper fluence limit exists for the observation of LSFL [19, 23] . Note that the HSFL are not properly described by Sipes theory [19] . Hence, numerical methods [62, 63] may be applied and adapted to the carbon material here, which are beyond the scope of this work. 
Conclusion
The formation of laser-induced periodic surface structures on carbon fibers was studied in dependence of the laser peak fluence and the number of laser pulses. It was show that large areas of carbon fiber arrangements can be structured with HSFL and LSFL by scanning the fslaser beam over the substrate surface. Beyond, novel hybrid structures were realized for the and the beneficial impact of an increased surface roughness [11] [12] [13] [14] [15] , we assume that our findings will facilitate to tailor the functional properties of carbon fibers as reinforcement material for polymers and concrete aiming to increase the fiber-matrix bonding strength. The demonstrated optical properties of LIPSS on fibers might be of potential interest concerning plasmonic-enhanced light coupling into fiber materials.
